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ABSTRACT
We present proper motion measurements of Boo¨tes III, an enigmatic stellar satellite of the Milky
Way, utilizing data from the second data release of the Gaia mission. By selecting 15 radial velocity
confirmed members of Boo¨tes III, along with a likely RR Lyrae member in the vicinity, we measure
an error weighted mean proper motion of (µα cos δ, µδ) = (−1.14,−0.98) ± (0.18, 0.20) mas yr−1. We
select and present further stars that may be Boo¨tes III members based on their combined proper
motion and position in the color magnitude diagram. We caution against assigning membership to
stars that are not confirmed spectroscopically, as we demonstrate that there are contaminating stars
from the disrupting globular cluster NGC 5466 in the vicinity of the main body of Boo¨tes III, but
we note that our results are consistent with previous Boo¨tes III proper motion estimates that did not
include spectroscopic members. Based on the measured proper motion and other known properties
of Boo¨tes III, we derive its Galactocentric velocity and compute its orbit given canonical Milky Way
potentials with halo masses of both 0.8×1012 M and 1.6×1012 M. These orbits robustly show
that Boo¨tes III passed within ∼12 kpc of the Galactic center on an eccentric orbit roughly ∼140 Myr
ago. Additionally, the proper motion of Boo¨tes III is in excellent agreement with predictions for the
retrograde motion of the coincident Styx stellar stream. Given this, along with the small pericenter
and metallicity spread of Boo¨tes III itself, we suggest that it is a disrupting dwarf galaxy giving rise
to the Styx stellar stream.
Keywords: galaxies: interactions – galaxies: kinematics and dynamics – galaxies: individual (Boo¨tes
III)
1. INTRODUCTION
The orbits of the Milky Way (MW) satellites provide
another dimension in understanding their formation and
evolution. This has been most clearly shown for the
Magellanic Clouds, whose proper motions (Kallivayalil
et al. 2006, 2013) suggest that they are on their first pas-
sage through the Milky Way (Besla et al. 2007), chang-
ing our historical view of the Magellanic Stream (for a
recent review, see D’Onghia & Fox 2016). Until recently,
proper motion measurements for distant MW satellites
have required long baselines and (often) the precision of
the Hubble Space Telescope (e.g., Sohn et al. 2013; Pryor
et al. 2015; Casetti-Dinescu & Girard 2016; Piatek et al.
Corresponding author: Jeffrey L. Carlin
jcarlin@lsst.org
2016; Sohn et al. 2017; Fritz et al. 2017; Casetti-Dinescu
et al. 2018, among others).
The second data release (DR2) of the Gaia mission
(Brown et al. 2018) included proper motion data with
typical uncertainties of ≈1.2 mas yr−1 for stars with
G≈20 mag, allowing proper motions and orbits for much
of the MW’s satellite population to be calculated (Gaia
Collaboration et al. 2018; Simon 2018; Fritz et al. 2018;
Kallivayalil et al. 2018; Watkins et al. 2018; Massari &
Helmi 2018). Among the ultra-faint dwarf galaxies, only
a handful of systems (e.g., Tucana III, Crater II, and
Segue 2; Simon 2018; Fritz et al. 2018) appear to be on
orbits whose pericenters are near enough to the MW for
them to have experienced significant tidal disturbance,
in contrast to findings of some previous imaging and
spectroscopic studies (e.g., Sand et al. 2009; Mun˜oz et al.
2010; Sand et al. 2012; Roderick et al. 2015; Collins et al.
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2017; Garling et al. 2018, among others), although the
orbits of several systems are still too uncertain to draw
definitive conclusions.
Here we focus on the proper motion and orbit of the
enigmatic system Boo¨tes III (BooIII). BooIII was dis-
covered as a stellar overdensity, spanning ∼1 deg on the
sky, nearly coincident with the Styx stellar stream (Grill-
mair 2009). At the inferred distance of ≈47 kpc, BooIII
is roughly 1 kpc in size (analogous to the diffuse sys-
tem Crater II; Torrealba et al. 2016). Its main body has
an absolute magnitude of MV ≈ −5.8 mag (Correnti
et al. 2009). Carlin et al. (2009) identified 20 candidate
BooIII member stars via spectroscopic follow-up, and
derived a systemic V=197.5±3.8 km s−1, and velocity
dispersion of σ=14.7±3.7 km s−1, possibly inflated due
to its dynamical state. This same spectroscopic sample
indicated a stellar population with a significant spread in
metallicity. Because of its distended morphology, metal-
licity spread, and possible association with the Styx stel-
lar stream, BooIII has long been a candidate disrupting
dwarf system (Grillmair 2009; Correnti et al. 2009; Car-
lin et al. 2009), and now with the advent of Gaia DR2,
this can be critically assessed via its inferred orbit. In
§2 we gather the relevant Gaia DR2 data and measure
the proper motion of BooIII. We also select and present
further potential BooIII member stars based on their po-
sition on the color magnitude diagram and their proper
motion. In § 3 we calculate the orbit of BooIII based on
standard parameterizations of the Milky Way potential,
and discuss BooIII’s relationship with the Styx stellar
stream. We summarize and conclude in § 4.
2. DATA AND ANALYSIS
We present the absolute proper motion (PM) of
BooIII. Members of BooIII were selected based on spec-
troscopic velocities from Carlin et al. (2009), who found
a systemic velocity of V = 197.5 km s−1 from 20 mem-
ber stars. These members include 6 blue horizontal
branch (BHB) stars at a magnitude of g0 ∼19,1 while
all of the other members are fainter, lower-RGB stars.
2.1. Proper motion of Boo¨tes III
Of the 194 stars from the Carlin et al. (2009) spectro-
scopic sample, 174 have matches in the Gaia DR2 cata-
log, including 19 of the 20 candidate radial velocity (RV)
members. All matches from our nearest-neighbor search
1 Throughout this work, we use colors and magnitudes from
the PanSTARRS-1 (PS1) survey (Magnier et al. 2016; Flewelling
et al. 2016; Chambers et al. 2016). All magnitudes are corrected
for extinction using E(B − V ) values for each star from the maps
of Schlegel et al. (1998), with coefficients for the PS1 bands from
Schlafly & Finkbeiner (2011).
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Figure 1. Proper motions of stars from the radial velocity
sample of Carlin et al. (2009). Red points are RV-confirmed
BooIII BHB members, blue points are lower-RGB RV mem-
bers, and the green point is the known RR Lyrae star from
Sesar et al. (2014). Open squares are RV candidates from
Carlin et al. (2009) whose membership in BooIII is ruled out
by their large proper motions. Note that two additional non-
members have proper motions outside the boundaries of this
figure.
have positional offsets of < 0.3”. We confirmed that the
matches are reasonable by verifying that our original
SDSS magnitudes match those from PS1 within 0.1 mag
(for all but 6 stars; all stars agree within 0.25 mags).
The proper motions of 17 of these stars are shown in
Figure 1 (the other two have large proper motions that
place them outside the boundaries of Figure 1). For
comparison, we include all other stars from the Carlin
et al. (2009) sample as gray points. BooIII velocity can-
didates (red and blue points with error bars, and open
black squares) mostly clump together; we remove the
two stars shown as open squares, plus two more beyond
the plot boundaries, because they have proper motions
that are too large for Milky Way stars at ∼ 50 kpc. This
leaves a final sample of 15 BooIII RV members; 6 BHB
members are shown as red symbols in Fig. 1, and the
other 9 RGB candidates are blue symbols.
Sesar et al. (2014) identified an RR Lyrae star from
the Palomar Transient Factory (PTF; Law et al. 2009;
Rau et al. 2009) data that is at a distance and radial
velocity consistent with being associated with BooIII.
This star is ∼ 1◦ southeast of the nominal center of
BooIII derived by Grillmair (2009). We checked the
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Figure 2. PS1 CMD of all stars within 1◦ of BooIII (small
gray points). Red circles are RV-confirmed BHB members,
blue points are lower-RGB RV members, and the green di-
amond is the RR Lyrae star from Sesar et al. (2014). The
empirical ridgeline from Bernard et al. (2014) for globular
cluster M 15 ([Fe/H]=-2.34), shifted to a distance of 46.5
kpc, is shown as a solid black line, with dashed isochrones
on either side shifted by ±2.0 kpc. Large open squares are
stars with proper motions between -3.0 to 1.0 mas yr−1 in
both µα cos δ and µδ, with black squares showing candidate
BooIII members satisfying this proper motion cut, within 30′
of the BooIII center, and also within the M 15 CMD filter
highlighted by cyan points.
proper motion of this star, and it is also consistent with
BooIII (see green symbol in Figure 1), and we include it
in our list of members, bringing the total to 16 members.
The properties of these 16 stars, plus the five proper
motion outliers we removed, are given in Table 3.
The 6 BHB stars have mean proper motion (µα cos δ, µδ) =
(−1.17,−0.92)± (0.24, 0.30) mas yr−1, while the error-
weighted mean proper motion of all 16 member stars is
(µα cos δ, µδ) = (−1.14,−0.98) ± (0.18, 0.20) mas yr−1.
Because these results are consistent within the uncer-
tainties, we will use the proper motion from all 16 stars
for subsequent analysis.
2.2. Refining the distance to BooIII
We re-derive the distance to BooIII with data from
PS1. Specifically, we use the empirical ridgeline of
metal-poor ([Fe/H] = -2.34; Carretta et al. 2009) glob-
ular cluster M 15 (NGC 7078) derived by Bernard et al.
(2014) from PS1 photometry. A least-squares fit of the
M 15 horizontal branch to the BooIII BHB stars yields
a BooIII distance modulus of (m−M)0 = 18.34± 0.02
mag (assuming m −M = 15.39 for M 15). This agrees
well with the BooIII measurement by Grillmair (2009)
of 18.35 ± 0.01 mag. The formal uncertainty on our
measured distance modulus would correspond to an un-
certainty of ∼ 0.4 kpc. However, given the small number
of stars used to constrain the fit, and possible uncertain-
ties in the distance to M 15, we conservatively adopt a
BooIII distance of dBooIII = 46.5± 2.0 kpc.
2.3. A search for further BooIII member stars
The 15 RV members of BooIII are highlighted in the
color magnitude diagram (CMD) presented in Fig. 2 as
large blue circles, with the BHB stars filled in as red
points. We additionally include (as a green open dia-
mond) the RR Lyrae star from Sesar et al. (2014) that
is ∼ 1◦ from our adopted center of BooIII, with a dis-
tance and radial velocity consistent with BooIII mem-
bership. The background CMD shows all stars from
PS1 (Chambers et al. 2016) within 1◦ of the BooIII
center as gray points. The PS1 ridgeline of M 15 is
shown as a solid black line in the CMD (Figure 2),
with dashed lines on either side illustrating a ±2.0 kpc
distance range about the mean of 46.5 kpc. We cre-
ated a CMD filter based on this ridgeline, with width
of 0.1 mag at g0 = 16, increasing linearly to 0.2 mag
width at g0 = 22.5; stars selected with this filter, and
at g0 < 20, are highlighted as cyan points in Fig. 2.
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We matched the PS1 catalog to Gaia DR2, and selected
stars with proper motions consistent with our measure-
ment for BooIII, in hopes of isolating bright RGB stars
with precise Gaia proper motions. These proper-motion
selected stars, with −3 < µα cos δ < 1 mas yr−1 and
−3 < µδ < 1 mas yr−1, within 30′ of the BooIII cen-
ter and also selected within the CMD filter, are shown
as open black squares (PM-selected stars that are out-
side the CMD filter are gray squares), and their coor-
dinates, magnitudes, and proper motions are given in
Table 4. There are only a handful of stars along the
RGB ridgeline with an appropriate proper motion (and
many of these may be contaminants; see below), sug-
gesting that BooIII, like many other ultra-faint dwarfs
2 Given the possible metallicity spread of BooIII (Carlin et al.
2009), member stars are expected to have large scatter about the
RGB shown in Figure 2. We chose a fairly narrow filter in order
to conservatively identify a more secure sample of members, and
avoid contamination from, e.g., NGC 5466 stars in the vicinity, at
the possible expense of sacrificing some BooIII members.
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(see Sand et al. 2012; Carlin et al. 2017; Mutlu-Pakdil
et al. 2018, for deep CMDs of comparable luminosity
systems), has few RGB stars.
The error-weighted average proper motions of the 23
stars shown as open squares in Fig. 2 and at g0 < 20 are
(µα cos δ, µδ) = (−1.04,−1.02) ± (0.17, 0.16) mas yr−1.
These are consistent (within the uncertainties) with the
proper motions of the RV members. This is perhaps
not surprising, because we selected them within a strict
proper motion box centered on these values. However,
we note that it is particularly important to use con-
firmed radial velocity members in order to accurately
determine the proper motion of BooIII. This is neces-
sary in order to mitigate contamination from the nearby,
disrupting globular cluster NGC 5466. Stars from
NGC 5466 are clearly visible among the PM-selected
candidates (gray squares) in Fig. 2, forming a main se-
quence turnoff at g0 ∼ 19.8 (i.e., consistent with the
∼ 16 kpc distance to NGC 5466). NGC 5466 is ∼ 2.5◦
from BooIII at a V=111 km s−1, has a half-light ra-
dius of rhalf ∼ 2.3′ (Harris 1996), and a proper motion of
(µα cos δ, µδ) = (−5.40,−0.79)±(0.004, 0.004) mas yr−1
(Helmi et al. 2018). Deep imaging has shown that
NGC 5466 is disrupting, with a prominent tidal stream
(Grillmair & Johnson 2006; Belokurov et al. 2006), so it
is not surprising to find members of this globular cluster
in our 30 arcmin selection radius.
Since the stars that appear in our simple proper mo-
tion (and, to some extent, isochrone-filtered) selection
seem to be contaminated by NGC 5466 stars, this sug-
gests that selecting BooIII members only based on gen-
erous CMD and PM selections as in Massari & Helmi
(2018) is likely to bias the resulting mean proper motion.
We further note that globular cluster NGC 5272 (M 3)
is ∼ 3.5◦ from BooIII at a distance of ∼ 10.2 kpc, and
has a proper motion within the box selection we used
above. Thus, it is also possible that this cluster could
contaminate samples that do not rely on confirmed RV
members. However, given the agreement between our
measured proper motions and those of Massari & Helmi
(2018), it appears that contamination from the nearby
globular clusters (and possibly associated streams) has
only a small effect on the results.
3. THE ORBIT OF BOO¨TES III
With kinematics in hand, we now explore the orbit of
BooIII. Given its extended nature and distorted mor-
phology (Grillmair 2009), as well as its large velocity
dispersion and metallicity spread (Carlin et al. 2009), we
are particularly interested in testing whether BooIII is
on an orbit that would have recently subjected it to sig-
nificant tidal influence. We integrate orbits in a model
Galactic potential using the galpy package (Bovy 2015).
In particular, we use the “default” MWPotential2014
model Galactic potential, which consists of a Miyamoto-
Nagai disk, spherical bulge with power-law density pro-
file, and an NFW (Navarro et al. 1997) halo (see pa-
rameters in Bovy 2015). All calculations in this work
assume a Solar radius of R0 = 8.0 kpc, circular veloc-
ity at R0 of V0 = 220 km s
−1, and the Scho¨nrich et al.
(2010) Solar motion. Note that, as in galpy, we adopt
left-handed Galactic Cartesian coordinates (velocities)
with X(U) positive in the direction toward the Galac-
tic center, Y (V ) oriented along Galactic rotation, and
Z(W ) toward the north Galactic pole.
The resulting orbit based on the mean values of mea-
sured parameters from Table 1 is shown as the dark blue
curve in the left portion of Figure 3. The motion is con-
fined mostly to the Galactic Y −Z plane, taking BooIII
to peri- and apo-center distances of ∼ 12 and ∼ 193 kpc,
respectively – i.e., a rather eccentric orbit (e = 0.88). To
place error bars on the orbital parameters, we integrate
1000 orbits, randomly selecting values from Gaussian
distributions centered on the mean values of distance,
V, and proper motions, with σ equal to the uncertain-
ties quoted in Table 1. We show these 1000 orbits as
faint cyan-colored paths in Fig. 3. The mean BooIII or-
bital parameters and their uncertainties are estimated
as the 50th (median), 14th, and 86th percentiles of the
distributions resulting from the 1000 integrations, and
given in Table 1. A small fraction of the orbits result in
BooIII being unbound from the Milky Way.
The NFW halo implemented in galpy has a low mass
relative to recent measurements of the MW halo po-
tential (e.g., Watkins et al. 2018, see summary of the
wide range of MW mass estimates in Bland-Hawthorn
& Gerhard 2016), which find a halo mass closer to
∼ 1.5 × 1012 M, or roughly twice that of the galpy
halo (which has 0.8× 1012 M). We thus explore orbits
in a modified version of the MWPotential2014 with the
halo mass increased to 1.6× 1012 M. These are shown
in the right half of Figure 3, with the derived orbital pa-
rameters given in the “massive MW” column of Table 1.
The orbit in this more massive potential is still rather
eccentric, with a similar pericenter as the low-mass MW
model, but reaches an apocenter of only∼ 90 kpc, with a
much shorter period of ∼ 1 Gyr. Clearly the halo poten-
tial has a dramatic effect on radial orbits such as that of
BooIII, which in turn suggests that BooIII may provide
a sensitive probe to constrain the MW halo mass.
3.1. Are BooIII and the Styx stream related?
In the discovery paper announcing BooIII (Grillmair
2009), it was noted that the Styx stream (also first seen
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Table 1. Kinematic and orbital parameters of Boo¨tes III.
parameter BHB stars only all members,a all members,
low-mass MW low-mass MW massive MW
Nstars 6 16 16
distance (kpc) 46.5± 2.0 46.5± 2.0 46.5± 2.0
V (km s−1)b 197.5± 3.8 197.5± 3.8 197.5± 3.8
µα cos δ (mas yr
−1) −1.17± 0.24 −1.14± 0.18 −1.14± 0.18
µδ (mas yr
−1) −0.92± 0.30 −0.98± 0.20 −0.98± 0.20
(U, V,W ) (km s−1) (-17.0, -288.3, 251.5) (-3.6, -294.2, 249.5) (-3.6, -294.2, 249.5)
rperi (kpc) 12.4
+6.1
−6.1 12.6
+5.6
−5.2 10.6
+5.4
−4.5
rapo (kpc) 196.6
+102.1
−48.4 193.0
+76.2
−41.5 88.9
+14.0
−8.4
eccentricity 0.89+0.03−0.03 0.88
+0.03
−0.02 0.79
+0.07
−0.06
period (Gyr) 3.5+2.5−1.1 3.5
+1.8
−0.9 1.0
+0.2
−0.1
aIncludes 15 RV members plus known RR Lyrae star from Sesar et al. (2014).
bFrom Carlin et al. (2009).
Figure 3. Projections of the orbit of BooIII in Galactic Cartesian coordinates, as well as its MW distance as a function of time.
The light cyan orbits represent different realizations drawn from the error distributions on our measured distances, velocities,
and proper motions. Dark blue lines represent the orbit based on the mean properties of BooIII, with solid lines showing
the forward integration, and dashed lines the past trajectory of BooIII. Left: MW halo mass 0.8×12 M and a 4 Gyr orbit
integration; Right: MW halo mass of 1.6×12 M, and a 2.5 Gyr integration.
in the same work) apparently passes through the posi-
tion of BooIII, and is at roughly the same distance as
BooIII, suggesting an association between them. While
there are no confirmed kinematic members of the Styx
stream, its relative distance from the Sun is reasonably
well determined along its large angular extent on the sky.
Thus Grillmair (2009) was able to estimate the orbit of
Styx, with the caveat that without velocities, we cannot
know whether it orbits in a prograde or retrograde sense.
Grillmair (2009) predicted a range of radial velocities
and proper motions for prograde and retrograde Styx
orbits. In Figure 4 we compare our measured proper mo-
6 Carlin & Sand
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Figure 4. Measured proper motions of BooIII. Our estimate
based on 6 BHB members is shown in blue, and the measure-
ment from 15 RV members plus one known RR Lyrae star is
the red diamond. The measurement from Massari & Helmi
(2018) is an orange triangle. For comparison, we show the
predicted proper motions based on orbit derivations from
Grillmair (2009). Our measurements clearly rule out the
prograde orbit, and are consistent with the retrograde Styx
stream orbit.
tions for BooIII with the predictions by Grillmair (2009).
The proper motions of BooIII are inconsistent with the
prograde orbit for Styx, and agree with the predicted
retrograde orbit. In order for the Styx orbit to match
that of BooIII, the radial velocity of Styx at the fiducial
point used by Grillmair (2009) must be at the high end
of their quoted range. If the Styx stream does indeed
originate from BooIII (or from a common progenitor),
then our derived orbit provides clear predictions for the
expected kinematics and 3D spatial distribution of Styx
stream stars. In particular, the orbit of BooIII suggests
that the portions of Styx eastward of BooIII should be
nearer to the Sun than at the fiducial point near BooIII,
reaching distances of ∼ 19 kpc at RA ∼ 260◦ (roughly
the eastern edge of the SDSS footprint). This is con-
trary to the findings of Grillmair (2009), who estimated
that Styx stars are more distant in the eastern portion
compared to the western region near BooIII.
Finally, we note that we could discern no obvious over-
density among Gaia DR2 proper motions within 5◦ of
BooIII that would suggest detection of the Styx stream’s
kinematics. This may be simply because the surface
density of Styx stars is much too low to manifest as
“clumping” in a proper motion vector point diagram
Table 2. Updated properties of Boo¨tes III.
parameter all membersa
Nstars 16
distance (kpc) 46.5± 2.0
V (km s−1) 197.1± 3.6
σv (km s
−1) 10.7± 3.5
[Fe/H]b −2.1± 0.2
σ[Fe/H] 0.55± 0.19
aIncludes 15 RV members plus known RR Lyrae star from
Sesar et al. (2014).
bBased on 9 RGB members and the RR Lyrae star;
excludes BHB stars.
such as Figure 1. Definitively understanding the nature
of Styx will likely require first identifying radial velocity
members, which can then be used to pick members from
Gaia with which to derive an orbit.
4. CONCLUSIONS & SUMMARY
BooIII passed within ∼ 12 kpc of the Galactic cen-
ter on its eccentric orbit only ∼ 140 Myr ago. A dwarf
galaxy on such an orbit would have been subject to sig-
nificant tidal forces, which readily explains the distorted
morphology of BooIII (Carlin et al. 2009; Grillmair
2009). Furthermore, we have shown that our derived
orbit is directed along the Styx stream, confirming the
association between BooIII and Styx. Because its orbit
traces a large radial extent (from 12 . RGC . 190 kpc)
in the Galaxy, BooIII+Styx will likely prove to be a
valuable tracer of the shape of the Galactic potential.
Having identified proper motion outliers from our RV
sample that cannot be members of BooIII, we can re-
derive the velocity from the remaining candidates (i.e.,
those listed as members in Table 3). We use a maximum-
likelihood method (e.g.; Pryor & Meylan 1993; Harg-
reaves et al. 1994; Kleyna et al. 2002) to find V =
197.1 ± 3.6 km s−1 and σv = 10.7 ± 3.5 km s−1. This
mean velocity is virtually unchanged from that of Carlin
et al. (2009), and the dispersion is consistent with their
value of 14.0 ± 3.2 km s−1. Although the dispersion
decreased and is now closer to values typical of dwarf
galaxies, it is still high, reflecting the apparent disrupt-
ing nature of BooIII. We also estimated the mean metal-
licity and its dispersion, and find [Fe/H]= −2.1±0.2 and
σ[Fe/H] = 0.55± 0.19, virtually unchanged from the pre-
viously measured values. However, these are determined
from only 10 low S/N spectra of faint stars, so cannot
be used to make a definitive statement on the BooIII
metallicity. The updated properties of BooIII based on
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our cleaned sample of members are summarized in Ta-
ble 2.
Because the main sequence turnoff of BooIII is near
the magnitude limits of SDSS and PS1, and it has not
been followed up with deeper imaging, its structural pa-
rameters are poorly constrained. From the known stars,
it is possible that BooIII is simply an overdensity of
tidal debris among the larger Styx stream. If the lumi-
nosity (MV ≈ −5.8) estimated by Correnti et al. (2009)
is correct, then it is reasonable to assume that BooIII
is indeed a disrupting dwarf that is the source of the
Styx stream, which is broad (like dwarf galaxy streams)
and has low surface brightness (i.e., does not likely con-
tain a large fraction of the progenitor’s stars). However,
if BooIII is instead an overdense portion of the Styx
stream (similar to the claims by Conn et al. 2018a,b for
Cetus II and Tucana V being clumps within the Sagit-
tarius stream and SMC, respectively), our conclusions
will not change substantially. The orbit we have mea-
sured is derived directly from a co-moving set of stars
that are coincident in full 6D phase space. Likewise,
our conclusions (based on the velocity and metallicity
dispersions) that BooIII derives from a disrupted dwarf
would still hold, except that instead of being the progen-
itor of Styx, it would simply be part of the debris from
an unknown progenitor. Of course, if this is the case,
then the Styx progenitor must still be unidentified, and
our measured orbit can guide future searches for it.
It has been suggested (e.g., Pawlowski et al. 2012)
that the majority of the Galactic satellites are part of
a planar “Vast Polar Structure” (VPOS) with thickness
∼ 20 − 30 kpc, which could arise due to group infall or
formation of tidal dwarfs in accretion events. The or-
bital pole of BooIII’s orbit is (l, b) = (100.9◦,−58.9◦),
which is ∼ 76◦ from the pole of the VPOS (Pawlowski &
Kroupa 2013). Furthermore, our measured proper mo-
tions are inconsistent with the predictions by Pawlowski
& Kroupa (2013, their Table 4) for BooIII’s proper mo-
tion if it was part of the VPOS. Thus it is unlikely that
BooIII is associated with the plane of satellites around
the Milky Way.
In Figure 5, we compare our measured orbital proper-
ties for BooIII to those of dwarf galaxies near the MW
(from Simon 2018; Fritz et al. 2018). Only two MW
dwarfs have smaller pericenters than BooIII: Tucana III,
which is embedded in an extended stellar stream (Drlica-
Wagner et al. 2015; Li et al. 2018), and the possibly
tidally disrupted satellite Segue 2 (Belokurov et al. 2009;
Kirby et al. 2013), which shows a large discrepancy be-
tween the proper motion studies (indeed, the point in
Fig. 5 from Fritz et al. 2018 is derived from only two
spectroscopic candidates, and thus fairly unreliable).
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Figure 5. Orbital pericenters and apocenters of MW dwarf
galaxies as measured by Simon (2018, blue circles) and Fritz
et al. (2018, red squares). Objects in common between the
two studies are connected by dashed gray line segments. Our
derived parameters for BooIII are shown by the large black
hexagon. All measurements reported in this figure used
orbits integrated in the MWPotential2014 implemented in
galpy (Bovy 2015). BooIII occupies a region of parameter
space that is not populated among the other MW dwarfs,
with a close pericentric passage combined with a large apoc-
enter.
Both of these objects, while on rather radial orbits,
are confined to within ∼ 50 kpc of the Galactic cen-
ter, while BooIII’s orbit extends out to ∼ 200 kpc. The
only objects near BooIII in rapo-rperi space are Tri II
and Crater 2, which are also possibly remnants of dis-
rupting dwarf galaxies (e.g., Kirby et al. 2015; Martin et
al. 2016; Carlin et al. 2017; Kirby et al. 2017 for Tri II;
Torrealba et al. 2016; Sanders et al. 2018 – though Cald-
well et al. 2017 claims no evidence for tidal disruption –
for Crater 2). Based on the lack of satellites with sim-
ilar orbital parameters, it appears that BooIII may be
an object whose orbit would lead to rapid disruption,
and that we have happened to catch before it has been
completely destroyed.
We have derived the orbit of the enigmatic stellar over-
density BooIII, and shown it to be consistent with a
tidally disrupting dwarf galaxy that is associated with
the Styx stream. It is unlikely that BooIII would have
survived many pericentric passages on its current radial
orbit, so it may have been disrupted on its first infall
into the Milky Way halo. BooIII is one of only a few
known systems on orbits that pass within ∼ 10 kpc of
the Galactic center, and thus provides a valuable probe
of the process of tidal disruption and the Galactic poten-
tial responsible for that disruption. Deeper imaging and
spectroscopic follow-up are needed to fully characterize
the nature of BooIII and the associated Styx stream.
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Table 3. Properties of Boo¨tes III RV sample.
id source id α δ g r i vhelio µα∗ µδ [Fe/H]a Db member?
(Gaia DR2) deg deg mag mag mag km s−1 mas yr−1 mas yr−1 arcmin
s135549+263008 1450811159128205568 208.955653 26.502208 21.01 20.67 20.45 195.5±11.4 1.078±3.305 5.259±3.285 -3.3 23.9 N
s135603+263942 1450817000283805824 209.013621 26.661679 20.40 19.95 19.78 204.0±8.5 -0.466±1.308 -0.583±1.047 -2.5 15.9 Y
s135630+265024 1450826552290908800 209.128453 26.840015 18.96 19.05 19.17 171.6±11.1 -1.211±0.562 -1.139±0.436 — 9.0 Y
s135638+265222 1450826724089602816 209.159600 26.872888 20.19 19.73 19.56 188.9±7.7 -1.84±0.844 -1.784±0.761 -2.3 8.8 Y
s135642+265847 1451038792395234560 209.174766 26.979976 18.94 19.05 19.17 180.4±10.9 -1.932±0.508 0.579±0.5 — 13.5 Y
s135702+264947 1450823051893369984 209.261163 26.829991 20.03 19.61 19.40 197.8±7.2 -1.709±0.767 -0.332±0.631 -2.7 3.5 Y
s135719+263424 1450803222028673280 209.331958 26.573608 19.10 19.30 19.50 220.8±12.3 -1.492±0.531 -0.928±0.48 — 12.4 Y
s135752+264815 1450833767836315392 209.467272 26.804392 18.99 19.16 19.35 209.3±11.5 -0.207±0.708 -0.927±0.735 — 10.1 Y
s135755+263953 1450828682594980736 209.479318 26.664838 20.16 19.71 19.52 185.7±7.7 -0.462±0.786 -0.479±0.673 -2.1 12.5 Y
s135800+265009 1450835314024556544 209.500251 26.835870 20.99 20.61 20.47 195.5±11.0 -1.006±2.148 -1.389±1.696 -1.0 12.3 Y
s135804+261716 1450748486965605760 209.520145 26.287895 18.94 19.07 19.24 185.0±10.9 -0.566±0.515 -1.793±0.441 — 31.9 Y
s135817+265641 1450842185972291840 209.573497 26.944967 20.52 20.16 19.94 210.4±9.2 -1.435±0.994 0.541±0.904 -3.2 18.7 Y
s135826+263904 1450781163077088000 209.610213 26.651188 20.30 19.92 19.71 199.6±7.9 0.058±0.988 -1.044±0.84 -2.2 19.2 Y
s135840+264242 1450782949783229824 209.668856 26.711657 20.31 20.11 19.99 191.2±8.2 -2.084±1.058 -2.503±0.853 -1.4 21.1 Y
s135843+262802 1450751617997283840 209.681364 26.467320 20.19 19.90 19.77 166.4±7.5 -5.797±0.953 -2.153±0.944 -2.1 28.3 N
s135848+262425 1450739381635432192 209.700291 26.407019 20.20 19.89 19.77 223.8±7.7 0.24±0.906 -1.969±0.914 -0.9 31.5 Y
s135914+264136 1450785045727265792 209.810712 26.693513 18.93 19.04 19.15 209.2±10.8 -1.595±0.487 -1.315±0.436 — 28.8 Y
s135922+264511 1450788584780752256 209.845448 26.753301 20.49 20.13 19.99 221.2±9.0 -7.457±1.351 -2.497±1.315 -1.4 30.3 N
s135940+263918 1450783774417361280 209.916855 26.655120 20.86 20.39 20.24 176.3±10.2 -10.529±1.368 -11.886±1.454 -1.9 34.8 N
s135757+265130 -9223372036854775808 209.489916 26.858467 21.88 21.46 21.14 206.6±16.0 N/Ad N/A -0.9 12.3 N
BooIII RR1c 1258556500130302080 210.143865 25.931296 19.22 19.01 18.96 173.0±13.0 -1.34±0.417 -0.978±0.377 -2.0 68.7 Y
Positions and proper motions from Gaia DR2, and gri magnitudes are from PanSTARRS-1. IDs, radial velocities and [Fe/H]
are from Carlin et al. (2009).
aFor RGB and RR Lyrae stars only; metallicities were not reported by Carlin et al. (2009) for BHB stars.
bAngular distance from the BooIII center derived by Grillmair (2009).
cRR Lyrae star from Sesar et al. (2014).
dNo match in the Gaia database.
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Table 4. Properties of proper-motion and isochrone-selected candidate members of Boo¨tes III.
source id α δ g r i µα∗ µδ Da
(Gaia DR2) deg deg mag mag mag mas yr−1 mas yr−1 arcmin
1450755118394910720 209.529019 26.471237 18.85 18.78 18.82 -1.23±0.462 -0.131±0.414 22.6
1450750170592551040 209.529158 26.385552 18.86 18.75 18.80 -2.088±0.387 -0.468±0.364 26.9
1450794460295316224 209.172508 26.415167 19.97 19.67 19.27 -0.02±0.589 -0.587±0.661 22.4
1450793433798851328 209.204334 26.378583 19.52 18.91 18.70 -1.719±0.428 -1.247±0.426 24.1
1451010170732704896 208.823004 26.797716 18.57 18.05 17.84 -1.261±0.248 -1.461±0.242 24.6
1451011923079404544 208.854035 26.905210 18.85 18.90 18.98 -1.032±0.406 -0.8±0.397 24.1
1450435091791688448 208.890655 26.424760 19.12 18.52 18.31 0.138±0.324 -2.964±0.301 29.7
1451003917260608384 208.836855 26.663041 19.90 19.55 19.39 -2.176±0.885 -0.996±0.762 24.7
1450820608056155648 209.204661 26.736842 19.74 19.29 19.08 -0.917±0.578 -0.51±0.472 4.7
1450752026018903168 209.556687 26.444826 18.80 18.31 18.08 -1.435±0.287 -0.534±0.281 24.7
1450830267438457344 209.612310 26.759489 19.42 18.95 18.74 -0.922±0.476 -0.931±0.381 17.8
1450782713560551808 209.667235 26.695234 16.31 15.36 14.92 -1.199±0.065 -0.786±0.058 21.3
1450809617235662336 209.382053 26.737508 17.83 17.12 16.81 -0.855±0.277 -1.699±0.252 5.9
1450756767662816768 209.526091 26.552868 18.39 17.92 17.69 -1.292±0.224 -0.909±0.203 18.7
1450757042540728960 209.504614 26.577302 19.38 18.93 18.67 -1.269±0.445 -0.69±0.396 16.9
1451043602758623232 209.092316 27.092680 18.49 17.84 17.55 -0.695±0.313 -1.039±0.28 21.6
1451046076659819776 209.245742 27.212404 18.91 19.00 19.16 -2.493±0.521 -1.649±0.411 26.3
1451047760286978176 209.342306 27.142651 18.04 17.39 17.13 0.353±0.189 -1.49±0.155 22.3
1451047794646719104 209.354036 27.153785 19.36 18.91 18.74 -2.63±0.476 -2.82±0.405 23.1
1451039548309484288 209.215315 27.031907 19.11 19.25 18.89 0.571±0.542 -0.179±0.479 15.8
1450858678646760192 209.435281 27.067580 18.92 18.72 18.66 -1.641±0.392 -1.876±0.322 19.4
1450833596037626752 209.396603 26.812921 18.44 17.90 17.63 -1.152±0.23 -0.716±0.215 6.6
1450843049261137408 209.689069 26.969028 18.79 18.07 18.10 -0.356±0.245 0.497±0.232 24.8
Positions and proper motions from Gaia DR2, and gri magnitudes are from PanSTARRS-1.
aAngular distance from the BooIII center derived by Grillmair (2009).
